The copolymerization of l-lactide with ethylene carbonate carried out at 120 °C in the presence of organic derivatives of aluminum, zinc and tin as catalysts leads to the formation of linear polymers of relative molecular masses in the 10 000-30 000 range containing up to 12 mol. % of carbonate monomeric units (m.u.). A decrease in T g of copolymers down to 48 °C demonstrates the internal plasticization effect for polylactide matrix. In the first reaction step mainly lactide homopolymerization proceeds in the systems studied. Carbonate m.u. incorporate into the growing chain as a result of recurring transesterification processes. Backbiting type intramolecular transesterification reactions dominate in the system and macrocycle compounds containing 1 carbonate m.u. and 3-9 lactic acid m.u. are the main reaction products after prolonged time. On the basis of analysis of the low molecular weight products formed in the polymerization system and products of the model reaction of ethylene carbonate with metal alkoxides, the mechanism of elementary reactions leading to the incorporation of carbonate m.u. into the copolymer chains has been proposed.
Introduction
The biodegradable polymers from renewable resources have become widely studied and applied materials [1, 2] as a response to the extreme exploitation of finite petrochemical products and environmental pollution. l-Polylactide (PLA), usually obtained via ring opening polymerization (ROP) of l-lactide (l-LA) [3] [4] [5] is a very good example of such materials, however, it has a number of limitations due to its semi-crystallinity and low impact strength [6] . The physical and mechanical properties of PLA can be influenced by processes of internal or external plasticization, such as copolymerization of l-LA with other lactones, e.g., ε-caprolactone (CL) [7] [8] [9] [10] and chain extension polymerization of l-LA coinitiated with aliphatic polyesterdiols [11] or blending with other polymers, e.g., poly(ethylene glycol) [12] [13] [14] and mixing with low molecular mass plasticizers, such as acetyl-tri-butylcitrate, glycerol triacetate or trihexanoate [15] .
Five-membered cyclic carbonates, such as ethylene carbonate (EC) or propylene carbonate (PC) are very cheap and easily available reagents which are made from CO 2 and corresponding olefin oxides [16] [17] [18] [19] [20] [21] . At elevated temperature these compounds undergo polymerization accompanied by CO 2 evolution, resulting in the formation of a copolymer containing carbonate and ether monomeric units (m.u.) (Scheme 1) [22] [23] [24] .
The carbonate m.u. content in these products does not exceed 50 mol. %. Homopolymerization without CO 2 elimination is impossible in the case of most five-membered carbonates due to the positive Gibbs free enthalpy of polymerization [25] [26] [27] [28] [29] [30] .
Five-membered cyclic carbonates can, however, copolymerize with heterocyclic monomers. A number of successful EC or PC copolymerizations with oxiranes in the presence of organozinc or organoaluminum catalysts leading to linear oligomers comprising ether and carbonate m.u. have been described [31] [32] [33] . In the presence of lipases and catalysts based on aluminum, EC may undergo copolymerization with six-membered trimethylene carbonate (TMC) yielding products of low EC m.u. content [34] . Hoecker et al. showed that EC undergoes alternating copolymerization with cyclic tetramethyleneurea affording aliphatic polyurethane of M n 20 000 [35] . Copolymers comprising CL, EC and ethylene oxide m.u. were obtained in the copolymerization of CL and EC involving partial decarboxylation in the presence of phosphazene catalyst [36] . Attempts have been undertaken to obtain biodegradable copolymers of EC and l-LA. These copolymers could replace the known L-LA copolymers with six-membered carbonates that are used for biomedical purposes but are relatively expensive due to the high cost of monomers. The copolymerization was carried out in the presence of Sm/SmI 2 at 50 °C [37] . Under these conditions it was possible to obtain copolymers of M n ≈ 11 000 containing maximally 4.2 % carbonate m.u.
In our laboratory we studied the possibility of EC and l-LA copolymerization in the presence of various aluminum, tin and zinc derivatives as catalysts [38] . It was found that in some systems it is possible to obtain completely amorphous copolymers comprising 8-12 mol. % of carbonate m.u., but the yield of the products was generally low. Such more elastic materials from renewable resources could be very interesting and useful for modern, sustainable packaging industry as well as for some medical applications.
The purpose of this work was the explanation of the mechanism of PLA internal plasticization by incorporation of EC to the polymer chain and characterization of the main products formed in these systems.
Experimental Materials
All materials were purified, stored and used in dry nitrogen atmosphere. Toluene (POCh), benzene (POCh) and 1,4-dioxane (POCh) were fractionally distilled from sodium/potassium and benzophenone after color change to navy blue, and then stored over dried 4 Å molecular sieves. EC (Aldrich) was dried over P 4 O 10 , then fractionally distilled under reduced pressure and crystallized from dry methylene chloride. Methylene chloride (POCh) for the latter purpose was fractionally distilled from CaH 2 onto dried 4 Å molecular sieves. (3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione l-LA (Aldrich) was crystallized from dry 2-propanol, then from toluene and finally dried at 30 °C under vacuum; it was stored at 4 °C under nitrogen. 2-Propanol (POCh) and 1-dodecanol (Fluka) were dried over CaH 2 and then fractionally distilled (1-dodecanol -under reduced pressure). Ethanol (POCh) and 1-butanol (POCh) were fractionally distilled from Mg/I 2 and stored over 4 Å molecular sieves. Polyethylene glycol monomethyl ether (PEO, 350 Da, Fluka) was conditioned under reduced pressure at 70 °C for several hours and then stored in dry nitrogen. Pyrogallol (1,2,3-trihydroxybenzene, Aldrich) was crystallized from ethanol/benzene (1:1), dried under vacuum and stored under nitrogen. Tin (II) 2-ethylhexanoate [Sn(Oct) 2 , Aldrich], diethylzinc (Aldrich) and triethylaluminum (TEA, 25 wt. % in toluene, Adrich)
Scheme 1 Polymerization of EC leading to poly(ether-carbonate) structure.
were used as supplied. Methylene chloride (POCh, pure) and methanol (POCh, pure) for purification of crude polymers were used as supplied.
Procedures
Preparation of metal alkoxides was carried out in 250 mL three-neck round-bottom flasks equipped with a magnetic stirrer, addition funnel, dry-ice condenser coupled with a gas burette and nitrogen adapter replaceable with stopper. Dry-ice/acetone bath was used as a cooling medium. Diethylaluminum ethoxide was obtained according to the method described in [39] . Aluminum trialkoxide of PEO was obtained in the reaction of TEA (25 wt. % in toluene, 50 mmol, 27.1 mL) and PEO (1.5 M in toluene, 150 mmol, 100.0 mL) which was added dropwise (1:3 ratio). The reaction was carried out in toluene at 0 °C until ethane evolution finished and then the mixture was heated for 2 h under reflux. 2 with alcohols (which are equilibrium ones) took place in situ in further reaction systems of the polymerization or model reaction with EC.
The polymerizations of l-LA with EC were carried out in glass pressure ampoules sealed by a screw with gasket on coupling, in dry nitrogen atmosphere. Solutions of l-LA (3.5 M in 1,4-dioxane, 20 mmol, 5.7 mL) and EC (3.0 M in 1,4-dioxane or toluene, 20 mmol, 6.7 mL) were placed in polymerization ampoules using glass syringes. Then, the solution of a respective catalytic system in 1,4-dioxane or toluene (0.4 mmol of metal species, usually 0.5 mL of 0.8 M solution) was added by a glass syringe. When all the components were added, the ampoule was placed in an oil bath at 120 °C. After a desired time, the ampoule was cooled, degassed, opened and methylene chloride was added in order to dissolve the reactants. The standard procedure consisted in shaking the organic solution once with diluted hydrochloric acid to wash out the catalyst residue. Then, the organic phase was washed with water three times and dropped into stirred methanol to precipitate the polymers. The products were dried under vacuum at 50 °C for 2 days. The yields of copolymers were calculated from the masses of methanol non-soluble fractions. For some experiments, after addition of methylene chloride the crude solution was dropped into stirred methanol. Then, the precipitate after redissolution in methylene chloride was purified as described before. The methanol-soluble fraction was initially concentrated on a rotary-evaporator to eliminate the solvents. The oily mixture of products was fractionally distilled under reduced pressure yielding the fractions of low molecular mass compounds (mainly dioxane and EC, but no lactide was observed) and nonvolatile oligomers.
Model reactions of metal alkoxides with EC were carried out in 100 mL two-neck round-bottom flasks equipped with a magnetic stirrer, dry-ice condenser coupled with a bladder and nitrogen adapter replaceable with a stopper. An oil bath was used as a heating medium. The reaction of Et 2 AlOEt (1.25 M in toluene, 2.5 mmol, 2.0 mL) with EC (1.5 M in toluene, 2.5 mmol, 1.7 mL) at molar ratio of 1:1 was carried out at 120 °C for 15 h. After that time the reaction mixture was cooled and from a sample of it the solvent was removed under reduced pressure. Reaction of Al(PEO) 3 (2.5 mmol, 2.69 g) with EC (1.5 M in toluene, 15 mmol, 10 mL) with Al/ EC molar ratio of 1:6 was carried out at 120 °C. After 1 h the reaction mixture became a gel and after another 5 h some liquid appeared. After 12 h the reaction was completed, cooled and the gel and liquid phases were separated. The solvent was removed under reduced pressure from both fractions. Reactions of EtZnOC1 2 H 25 (1.5 M, 2.5 mmol, 1.7 mL) or EtZn-PEO (1.0 M, 2.5 mmol, 2.5 mL) with EC (2.5 M in 1,4-dioxane, 2.5 mmol, 1.0 mL) with Zn/EC molar ratio of 1:1 were carried out at 120 °C for 6 h. After that time the reaction mixtures were cooled and the solvent was removed under reduced pressure from the samples. Other samples were hydrolyzed by shaking with an aqueous solution of HCl and with water. The reaction of Sn(Oct) 2 (0.4 M in 1,4-dioxane, 2.0 mmol, 5.0 mL) activated by 1-butanol (1.2 M in 1,4-dioxane, 20 mmol, 16.7 mL) with EC (2.5 M in 1,4-dioxane, 2.0 mmol, 0.8 mL) with Sn/EC molar ratio of 1:1 and Sn/butanol molar ratio of 1:10 were carried out at 120 °C for 48 h. After cooling and concentration under reduced pressure, a precipitate isolated. The solid was washed twice with hexane and methylene chloride and analyzed by FT IR.
Analyses
Relative molecular mass and molecular mass distribution were determined by ESI MS or GPC techniques. ESI MS spectra were measured on Mariner spectrometer. Gel Permeation Chromatograph (RI detection) was equipped with a Jordi gel DVB column, Lab Alliance isocratic pump (1 mL/min), SFD refractive index detector RI-2000F and Degasys degasser DG-2410. GPC analyses were carried out in THF or toluene as a solvent at 20 °C. The relative molecular masses were determined with polystyrene standard calibration.
1 H NMR spectra of solutions were recorded on a Varian Mercury spectrometer (400 MHz) in CDCl 3 or C 6 D 6 as solvents at room temperature. 13 C NMR MAS spectra of solids were recorded on a Bruker spectrometer. FT-IR spectra of samples as KBr disks were recorded on a Bio-Rad 165 spectrometer. DSC thermograms were recorded on Perkin Elmer Pyris 1 DSC in the range from -50 to 200 °C by heating/cooling/heating cycles at 10 °C/min. TG thermograms were recorded on a PC MOM Derivatograph in the range of 25 to 800 °C by heating at 10 °C/min (air). Micrographs were recorded on a LEO 1530 SEM in the form of films conditioned at 150 °C for 2 h, followed by sputtering of graphite layer.
Results and discussion

Copolymerization of l-LA and EC
A majority of EC and l-LA copolymerizations in the presence of various tin, aluminum and zinc derivatives were carried out in a toluene or 1,4-dioxane solution at 120 °C for 48 h at a 1:50 metal to lactide mole ratio. At these conditions, at an equimolar amount of both monomers in the monomer feed, copolymers containing 3-5 mol. % of carbonate m.u. were obtained. In the presence of the most active catalysts the yield of these products calculated with respect to the sum of both monomers lies generally in the 30-50 % range, and the degree of conversion of the lactide to the macromolecular products is 50-80 % (Table 1) . The system obtained in the reaction of ZnEt 2 and pyrogallol (Scheme 2) appeared to be the most effective one in the insertion of carbonate m.u. from among the studied catalysts. It allowed for 5.2 % of carbonate m.u. to undergo insertion at 53 % conversion of l-LA to a high-relative molecular mass polymer.
More detailed studies carried out for this system show that at 120 °C the lactide undergoes rapid homopolymerization and already after 0.5 h the conversion of this monomer exceeds 80 % and the product obtained is characterized by high relative molecular mass ( Table 2 , no. 1). However, it contains only ca. 0.5 mol. % carbonate m.u. The carbonate m.u. content in the products insoluble in methanol increases with elapsing reaction time, which is, however, accompanied by a decrease in the polymer relative molecular mass and appearance of a large number of oligomers soluble in methanol. On the basis of the relative intensity of signals in the 1 H NMR spectra it can be estimated that these latter ones contain about 20 mol. % of carbonate m.u. (Fig. 1) . A considerable amount of intramolecular transesterification products in the final process step indicates also a high probability of intermolecular reactions, in which the active centers terminated with carbonate m.u. attack the LAc m.u. in another chain (exchange of segments, Scheme 3b). Such reactions result in the regeneration of the centers terminated with lactide m.u., which can further react with EC. Thus, it is possible to enrich the high relative molecular mass fraction with carbonate m.u. (Table 2 , no. 9).
When the copolymerization is carried out at above 120 °C, decarboxylation of carbonate m.u. additionally proceeds in the system, leading to the formation of oxyethylene m.u. (Table 2 , no. 5 and 6).
DSC thermograms (2 nd heating) of l-LA homopolymer and its copolymers comprising 8.3 (Table 2 , no. 7) and 12.4 (no. 6) mol % of carbonate m.u. are shown in Fig. 3a,b and c, respectively.
The internal plasticizing effect is clearly demonstrated by the decrease in glass transition temperatures of copolymers by the value of ΔT g = 3.7 (8.3 mol % of carbonate m.u.) and 12.4 (12.4 mol. % carbonate m.u.) °C. T g of the copolymer can be adjusted by the amount of carbonate units. Moreover, the presence of 8.3 or more mol % of carbonate m.u. in the copolymer chain strongly affects the ability to non-isothermal melt-and cold crystallization, leading to fully amorphous materials. This phenomenon is confirmed by SEM images (Fig. 4) , which show the surfaces and fractures of strained at room temperature pure (a, b) and EC-plasticized ( Table 2 , no. 6) PLA samples. Unmodified PLA sample exposes the regular grain-like structures of crystalline domains (on the surface) organized into semi-continuous formations (at the fracture) with sharp edges at the fracture lines of that brittle material. On the other hand, the PLA copolymer comprising 12.4 mol % carbonate m.u. exhibits plain, irregular surface in non-stretched areas and plastic fracture with distorted edges in stretched/broken areas. The same sample was examined as well by means of thermogravimetry (Fig. 5b) . In comparison to PLA (a), it starts to decompose at 241 °C which is by ca. 20 °C lower temperature than that for PLA. The decomposition seems to be a single step and no residual ashes can be found for both samples.
Reaction of EC with metal alkoxides
In order to confirm that the initiators used by us can react with EC, the reaction course of this monomer with a number of zinc and aluminum alkoxides as well as a mixture of tin 2-ethylhexanoate and butanol was studied. The reactions were carried out at 120 °C in a toluene or 1,4-dioxane solution.
Monoalkoxides of the general formula EtZnOR obtained in the reaction of diethylzinc and dodecanol (R = C 12 H 25 ) or polyethylene glycol monomethyl ether [R = (OCH 2 CH 2 O) 7,2 CH 3 ] were used as zinc derivatives. Due to the presence of long substituents in the alkoxide group, these compounds are well soluble and the reaction mixtures remain homogeneous. In both systems symmetric linear carbonates ROC(O)OR result from the reaction, which shows that EC reacts with two alkoxide molecules (Scheme 4). This reaction is accompanied by the elimination of the ethylene glycol derivative. Figure 6 shows the 1 H NMR spectrum of the mixture formed in the reaction of EC and dodecyl derivative at an equimolar amount of reagents. On the basis of the relative intensity of signals of the starting materials and products it can be estimated that the degree of EC conversion is ca. 40 %. In this spectrum, besides the signals characteristic of the reagents, symmetric carbonate and ethylene glycol derivative (singlet at δ 3.8 ppm), still three very weak signals at δ 2.3 (quartet), 3.8 (triplet) and 4.2 ppm (triplet) are present, which indicate the possibility of ring opening also as a result of alkylation of the carbonyl group. However, such a reaction is much less probable than the attack of the alkoxide group, which in the system studied leads to transesterification.
From the hitherto studies on the transesterification of five-membered cyclic carbonates it is known that at elevated temperature the alkoxide anions can attack all the carbon atoms in the ring [34, 40] . As a result of the attack onto the carbonyl group (Scheme 5a) an alkoxide center is formed and the cyclic orthocarbonate is probably the intermediate stage of this reaction. An attack onto the alkylene carbon atom (Scheme 5b) leads to the formation of a carbonate center, which at elevated temperature or after hydrolysis may undergo decarboxylation yielding hydroxyether derivatives.
No unsymmetric carbonates or hydroxyethers were found in the reactions with selected zinc alkoxides, which should be formed as a result of EC ring opening by one alkoxide group. Therefore, it can be assumed that these reactions are characterized by very small equilibrium constants. In the absence of l-LA or PLA, the formed in the reaction alkoxide centers terminated with a carbonate m.u. (Scheme 5a) react with the second alkoxide molecule yielding thermodynamically stable symmetric carbonates.
Diethylaluminum ethoxide (Et 2 AlOEt) and aluminum trialkoxide containing long oxyethylene substituents Al(OR) 3 [R = (OCH 2 CH 2 O) 7,2 CH 3 ] were used as aluminum derivatives. In the reaction with this latter compound a precipitate of insoluble alkoxide isolates after a certain time. It is suggested on the basis of its 13 C NMR MAS spectrum (Fig. 7) that it is formed as a result of replacing part of the OR substituents by difunctional ethylene glycol m.u.. The 1 H NMR spectrum of the products in the liquid phase (Fig. 8) shows that it contains a symmetric carbon with oxyethylene substituents. Thus, the reaction proceeds similarly as with the zinc derivative comprising the same alkoxide substituent. The presence of three reactive substituents at the aluminum atom causes the formation of insoluble crosslinked ethylene glycol derivatives. In the reaction with Et 2 AlOEt a very complicated mixture of products is formed. Figure 9 presents the 1 H NMR spectrum of the reaction mixture after removing toluene. Completely reliable assignment of particle signals is not possible in this case. However, it can be noticed that in these reactions linear carbonates are not the main reaction products, since the relative intensity of signals characteristic for methylene groups in such linkages (in the δ 4.2-4.4 ppm range) is small. On the other hand, intensive signals at δ 3.5-4.0 ppm are present, which allows to suggest that EC has been converted into orthocarbonates. Such derivatives can result from the addition of the alkoxide group to the carbonyl group (see Scheme 5a) or alkylation of this group without ring cleavage. We believe that the stability of these products results from small dimensions of the ethoxy and ethyl groups, but this hypothesis requires further verification.
In the reaction of EC and initiators comprising tin 2-ethylhexanoate and butanol, a mixture of linear carbonates and 2-ethylhexanoic acid esters are formed. On the basis of ESI MS spectra of this mixture it can be explicitly found that 1-hydroxy-3,5-dioxanonane-4-one [m/z = 185 (M/Na + ), 201 (M/K + )] is one of the products. Its formation indicates the EC ring opening as a result of addition of one alkoxide group according to Scheme 5a. It is believed that the detection of this product in the system is possible due to protonation of the alkoxide terminated with carbonate m.u. by butanol or 2-ethylhexanoic acid present in the system, which favorably shifts the equilibrium of the reaction presented in Scheme 5a. 63 .86 ppm). Such type of derivatives can be formed in the already described transesterification processes leading to the elimination of the ethylene glycol m.u.. However, it was found that this product is formed also in the reaction of EC with commercial tin 2-ethylhexanoate in the absence of butanol, and also in the initial stage of EC and lactide copolymerization when the participation of transesterification processes is very small. It is believed that partial hydrolysis of the carboxylate with the formation of Sn-OH bonds, which initiate the EC decomposition with CO 2 evolution, is the reason for this (Scheme 6).
The results obtained show that the initiators used are capable of a nucleophilic attack on the carbonyl carbon atom in EC, which results in the formation of alkoxide active centers terminated with a carbonate m.u.. However, these products are thermodynamically unstable and undergo further transformations leading to the elimination of ethylene glycol derivatives.
Conclusions
EC shows very small reactivity in the coordination polymerization with l-LA initiated by organic derivatives of zinc, aluminum or tin. This probably results from the low value of the equilibrium constant of the addition of five-membered carbonates to alkoxide anions. In the systems studied, in the initial reaction stage l-LA homopolymerization proceeds nearly exclusively, resulting in the formation of a high relative molecular mass polymer (ca. 30 000), in which the carbonate m.u. content does not exceed 1 mol. %. At low l-LA concentration, EC incorporates to the chain as a result of recurring transesterification processes. In this transformation the alkoxide centers terminated with LAc m.u. are converted into more reactive primary alkoxides terminated with an carbonate m.u., and then regenerated as a result of the attack of these latter ones onto the lactide m.u. in the polymer. The reaction of regenerating lactide centers may lead to an exchange of segments between the chains or be of an intramolecular, back-biting character. These latter reactions lead to a decrease in the relative molecular mass of linear polymers and formation of cyclic oligomers fractions. Reactions of EC or its m.u. with two alkoxide centers leading to the incorporation of the C = O group is also possible in the system. Recurring transesterification reactions enable the obtaining of amorphous linear polymers containing up to 12 mol. % of carbonate m.u. These l-LA copolymers show an internal plasticizing effect by decreasing the T g , however, they cannot be of significant practical importance as a synthetic method of PLA modification, due to the small yield of the high relative molecular mass product. The transesterification processes of PLA with EC seem, nevertheless, to be a very attractive method for the synthesis of low relative molecular mass l-LA and EC cooligomers. Preliminary observations show that this type of oligomers containing 10-30 mol. % of carbonate m.u. are completely amorphous and can be applied as effective external plasticizers of high relative molecular mass PLA [41] . It can be expected that the presence of carbonate m.u. will also have a favorable effect on the rate of biodegradation of the plasticized PLA.
